The aim of the work is to develop a method of simple characterization of solid fuels combustion in fixed bed, which would be useful for CFD modelling. In this work, the measurements were performed in a test rig, where a combustion front propagates against the airflow. Concentrations of flue gas species were registered at the exit of a fixed bed reactor and the temperature of burning coal was measured in selected points of the reactor as functions of time. Furthermore, developed functions were applied for defining the boundary conditions at the interface between the fixed bed and gas phase using FLUENT. The simulations of a domestic boiler have been done and the relative effects of different factors in CFD code were evaluated by sensitivity analysis.
Introduction
Nowadays combustion provides more than 90% of the energy needs. Half of Europe's electricity is produced from fossil fuels and about 30% from the total is generated from coal, in Poland is it about 90%. Many countries use coal as a source of domestic and commercial heating requirements covering by fixed bed combustion of solid fuels. Transport of the fuel in the bed differs between boilers. Primary air passes through a fixed bed, in which drying, gasification, and charcoal combustion takes place. The aim of the work was to do series of measurements in fixed bed reactor, work out obtained results in a form of approximation function and develop a model of combustion of a fixed fuel bed on a grate and to compare the result from the model with measurements data from a test rig. In the work of E. Widmann et al. [1] a model for NOx formation in biomass fixed bed furnace was developed. The model consists of an empirical biomass combustion model in the furnace and CFD-based NOx postprocessor based on a basic combustion simulation and a subsequent calculation of NOx formation. The empirical model was applied for the combustion of the solid biomass fuel on the grate and the model parameters were based on batch reactor experiments. The transfer of obtained results from experiments to the combustion of a biomass fuel layer on a grate is valid if diffusion transport and mixing effects in the direction of the grate can be neglected compared to the transport of the fuel along the grate. Although this condition is not fulfilled in general due to mixing effects on the grate, in their work the approach was adopted as a first experimental approximation. The objective of the work of Yin et al. [2] is to present a reliable baseline CFD model for a thermal 108 MW biomass-fired grate boiler, which can be used for diagnosis and optimization of this boiler and the design of new grate boilers. In their work a sensitivity analysis was done on the basis of the design conditions of the boiler in order to evaluate the influence of different factors in CFD modelling of grate boilers. The purpose of the sensitivity analysis is to define the factors (the effects of meshes, models for the fuel bed, turbulence, and combustion) that may be important for modelling of biomass-fired grate boilers.
Description of measurement in the reactor
The measurements were performed in a fixed bed reactor (diameter 4.5cm, height 20cm), where a batch of coal was placed on a grate. The combustion air was fed from the bottom and bed was ignited from a top. The coal moves downward under the power of gravity in the course of the combustion process, counter -current to the combustion air. The counter -current process is the most common fixed bed coal combustion and gasification process. Inside the reactor four thermocouples were installed in order to measure the temperature of burning coal in different heights. During the experiments the coal temperature was recorded on line in periods of 30 seconds by data logger. Thermocouples are located 50 mm apart from one to another. Concentrations of the flue gas species CO 2 , CO, O 2 and NO were registered by an analyser every 30 seconds. The initial temperature of fuel and inlet air is 298 K. Each test was repeated three times. Coal with a granularity of 1-30 mm, and a lower calorific value of 28 MJ/kg was used as a fuel. The speed of the combustion front was calculated from the distance between thermo-couples placed on different heights in the reactor, and time meanwhile temperature of one thermocouple reach the same value of temperature in the next one:
Where
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The resulting average velocity obtained from the calculation was in order of 0.1 mm/s (6 mm/min). 
Results of measurements
Figures 2 and 3 present an example of measured gas compositions at the outlet of the reactor. The gas compositions are given as mole fractions of the gas components. The fuel ignition is followed by propagation of a reaction front downward in the bed against the air flow. As the front passes, the fuel is heated, resulting in drying and devolatilization. Volatile gases are ignited and together with the char formed they burn as long as there is oxygen available, providing heat for propagation of the front. In a large particle, exposed to a high heating rate, the drying and devolatilization fronts will closely follow each other, while in a small particle, drying is fully completed before devolatilization starts. It can be noticed that two phases of combustion process can be distinguished (see Figures 2 and 3) . Transition of first phase to second is dedicated to the carbon concentration decline in flue gas. The char burns to carbon monoxide and carbon dioxide, in the presence of oxygen. It causes very low oxygen concentration in the first phase of combustion process, while in the second it increases. The behaviour of carbon dioxide profile is opposite to the behaviour of oxygen, meaning that most of the time the concentration of it is high and in the second period decreases. Unstable concentration of CO in the first period is caused by poor mixing of fuel with air. The profiles of carbon monoxide and carbon dioxide decline when most of the char is burnout. The idea is to create a function with assumed linearity in the first part and in the second part assumed exponential decrease in the case of CO 2 and increase in the case of O 2 (see Figure 5 ). Basing on above presented functions and mass balance a flue gas composition from the bed can be calculated.
Approximation functions
Oxygen balance can be written as:
where ݊ ᇱ is molar flow rate of air (kmol/s), ݊ ிீ ᇱᇱ molar flow rate of flue gas (kmol/s) and ‫‬ሶ is fuel consumption (kg/s). For the phase B the hydrogen and moisture can be neglected in this equation.
The fuel consumption is defined as:
where w (m/s) is the propagation velocity of the combustion front through the reactor, ρ (kg/m 3 ) is density of coal and A (m 2 ) is area of grate in the reactor While nitrogen balance (assuming that N in a fuel is neglectable):
[ ]: 0,79
These three equations (3, 4 and 5) content three unknown parameters; so then CO 2 , CO and O 2 can be expressed and calculated from these equations. The relative error was applied to evaluate the results of measured and calculated data. The calculated average relative error in the case of carbon dioxide is 8.7 percent, average error of carbon monoxide is 37.6 percent and oxygen average error is 36.4 percent. The values of oxygen and carbon monoxide errors are acceptable.
Phase B
Two approximation functions for phase B were worked out from obtained results using LSM. The first is exponential function of CO 2 /CO, the second is O 2 /CO 2 and general forms of functions are: ( ) 
CFD model
In this section the models used for the simulation are described. These models supply mass flux, species concentrations and temperatures of the flue gases above the surface of the fuel layer as boundary conditions for the subsequent CFD simulation of the turbulent reactive flow. CFD is based on solving conservation or transport equations for mass, momentum, energy and chemical species. The basic equations for a fluid in turbulent flow are the Reynolds-averaged Navier-Stokes (RANS) equations and the forms of them for steady state are defined as follow:
Continuity equation
The gas phase conservation equation of mass is written as:
where ρ ( kg/m 3 ) is density of the fluid and ν (m/s) is its ensemble-averaged velocity vector defined on a 3D domain.
Momentum conservation equation
The Navier-Stokes is the momentum conservation equation and is defined as:
where p (Pa) is the static pressure, i f are the sum of external forces and
3 ) is the viscous stress tensor and is described by the Newton law:
where ij δ is the Kronecker symbol and µ ( kg.m -1 .s -1 ) is the molecular viscosity, depending on the fluid properties.
Energy conservation equation
When considering heat transfer within the fluid or solid regions of the domain, Fluent also covers the energy equation. This equation is written below in general form:
where S h includes the heat of chemical reaction, h (J) is the total specific enthalpy and for a multicomponent medium takes the following form:
where Y i is the mass fraction of species i in the mixture and h i is the total enthalpy written as: 
Species transport equation
Finally, the behaviour of the species is solved by the following equation:
where S i (kg.m -3 .s -1 ) is the rate of creation by addition from the dispersed phase plus any user-defined sources, R i (mol.m -3 .s -1 ) is the mass rate of production or depletion by chemical reaction and ‫ܬ‬ ప ሬ ሬԦ (mol.m -2 .s -1 ) is the molecular diffusion flux of species i. Fluent applies the finite volume method to solve the governing flow equations described above.
Combustion model
The relevant gas-phase reactions in combustion are assumed to be normally fast. The Eddy Dissipation Model (EDM) the effective reaction rate is employed above the fuel bed, where the temperature is high and the kinetics of the reactions is fast enough to be considered instantaneous, leading to a combustion process that is entirely controlled by the mixing of fuel species with oxygen. On the other hand, near the walls and water pipes, where the temperature of the gases is suddenly reduced, mixing may be strong, but it is also necessary to account for the kinetic control. The combustion scheme of the combustion employed in this work is presented in equation:
The model used for numerical prediction supports following settings as boundary conditions for the subsequent CFD simulation of the turbulent reactive flow: velocity, species concentrations and temperatures of the flue gases above the surface of the fuel layer. Simulation of the combustion process usually requires large computational efforts involving high grid densities, especially in the regions where higher gradients are expected. High numbers of equations regarding combustion Simulation Copyright @ 2011/gjto chemistry have to be solved in order to capture combustion and heat transfer details taking place inside the system [ Boiler geometry is one of the critical stages in CFD simulation; proper definition of the geometry provides a more realistic scenario for the simulation. In the domain just half of the combustion chamber has been modelled, taking advantage of the symmetry. For the grid sensitivity analysis, two grids were constructed and run in FLUENT to determine a grid density and quality that was fine enough to obtain a solution accuracy. The two meshes whose results are presented in this thesis are as follows: Mesh-I: An unstructured tetrahedral mesh with about 330,000 cells. It may be the traditional mesh scheme used for the modelling of the boiler because such a mesh can be generated in the short time and the computational cost is low ( Mesh-II: A hybrid hexahedral mesh created by dividing the boiler geometry into several small, individual sections or volumes and meshing them separately. It is a high consisting of 400,000 cells. Finer cells are employed where the main gradients are expected. The geometry of the boiler was modified in order to generate hexahedral mesh in the region of retort burner and deflector ( Figure 10 ).
The most important part of the work was the determination of the detailed boundary conditions. At the inlet of retort following boundary conditions were set: profiles of calculated concentrations (CO, O 2 , CO 2 and H 2 O), temperature and velocity of flue gases. Boiler walls and pipes were set at temperature 343 K and symmetric plane as symmetry. 
Measurements of the domestic boiler
The investigated boiler is designed for operation in domestic central heating system. The numerical predictions were verified by the experimental data obtained from small boiler. Short description of the Boiler-SAG: Rated heat power The fuel from the container at the boiler side is transferred by the
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in order to capture combustion and heat transfer details taking place inside the system [3] . Boiler geometry is one of the critical stages in CFD simulation; proper definition of the geometry provides a more realistic omain just half of the combustion chamber has been modelled, taking advantage of the symmetry. For the grid sensitivity analysis, two grids were constructed and run in FLUENT to determine a grid density and quality that was fine enough to obtain a solution of acceptable accuracy. The two meshes whose results are presented in this I: An unstructured tetrahedral mesh with about 330,000 It may be the traditional mesh scheme used for the mesh can be generated in the short time and the computational cost is low (Figure 9) .
A hybrid hexahedral mesh created by dividing the boiler geometry into several small, individual sections or volumes and meshing them separately. It is a high-quality mesh consisting of 400,000 cells. Finer cells are employed where the main gradients are expected. The geometry of the boiler was modified in order to generate hexahedral mesh in the region of part of the work was the determination of the detailed boundary conditions. At the inlet of retort following boundary conditions were set: profiles of calculated O), temperature and velocity d pipes were set at temperature 343 geometry of hybrid grid
The modelling of the turbulent reactive flow in this work is Turbulent Model, the Discrete Ordinates Radiation Model and the Eddy Dissipation Model (turbulent gas phase combustion). The sensitivity of turbulence model to CFD predictions is also evaluated. In the calculations been used:
The investigated boiler is designed for operation in domestic central heating system. The numerical predictions were verified the experimental data obtained from small boiler. SAG: Rated heat power -25kW. The fuel from the container at the boiler side is transferred by the automatically controlled feeding screw to a furnace by retort stoker. The screw warrants an uninterrupted operation and the rotary retort burner ensures that no burnt fuel in the form of ash is moved down to the ash box. The boiler construction was changed exchanger was drilled several slots, so the probe c inserted inside the combustion chamber during the tests ( 
Results
In this section, the results of the numerical simulations are presented and compared with measured values from boiler
Comparison of measured and calculated results (centre) in the combustion chamber
automatically controlled feeding screw to a furnace by retort crew warrants an uninterrupted operation and the rotary retort burner ensures that no burnt fuel in the form of ash
The boiler construction was changed -in to the water coat exchanger was drilled several slots, so the probe could be easily inserted inside the combustion chamber during the tests (Fig.11) . Emissions and temperature of flue gases were measured in the chamber as well as in the outlet of the boiler. First series of tests were carried out in the center of chamber and second series were done in the 10 cm far field region from the center (Fig.12) . Temperature of water was measured during the test in the inlet and outlet of water pipes. Combustion Stoichiometry for fuel and Energy Balance of the boiler were calculated using measured In this section, the results of the numerical simulations are measured values from boiler.
Comparison of measured and calculated results -first plane (centre) in the combustion chamber
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The flue gas temperature field is indicated in Fig.13 . Computed temperature from selected position is shown in Fig.14 . The numerical predictions of temperature are in very good agreement with the measured values. In Fig.15 the numerical predictions of CO 2 are compared to data from measurements. It is important to note that calculated concentrations in the region of the deflector (slots 2, 6 and 7) are in the range of the experimental results. The predicted values are in very good agreement with measured data. In Fig.18 the oxygen concentrations are shown. No major differences between the measurements and calculated values can be observed. Low value of average relative error 0.52% was computed.
Comparison of applied meshes
The purpose of this section is to evaluate the factors that may be important in the modelling of the domestic boiler. The results of sensitivity analysis are presented below. The comparison of CO 2 concentrations shows that two applied meshes gave different results where the high quality grid (mesh II) indicates better agreement with experiments. The model with mesh I over predicted the formation of carbon dioxide. In the case of oxygen, the results of finer mesh (mesh II) gave a more accurate prediction (see Figure 19 and 20). 
Comparison of turbulence models
The three turbulence models considered in this study were used to simulate the gas species and temperature. The RNG model gave results comparable to those obtained using the standard and realizable k-epsilon models. The main difference between the RNG and standard model is in the equation of the turbulent viscosity. The RNG calculates the effect of swirl on turbulence more accurately and therefore is better for swirling flows.
Conclusions
The aim of this thesis was to develop a method of simple characterization of solid fuels combustion in fixed bed with emphasis placed on CO 2 , CO and O 2 formation. Besides the grid quality, grid density also plays important role since it determines how densely the discrete solutions are used to approximate the solutions. A mesh of high grid density and quality tends to improve the accuracy of numerical predictions.
All turbulence models applied in the simulations gave results for gas temperature and composition that were similar and comparable to the experimental results. The k-ε Standard and k-ε Realizable models provided a similar behaviour, while the k-ε Standard model shows the closest results to the experimental data. The RNG turbulence model had the worst performance of all investigated models. The observed discrepancies can be attributed to the modelling of turbulent viscosity, Reynold stresses and the use of turbulent diffusion of k and ε. From a modelling perspective, the main aim of simplifications, algorithms of solution, numerical models and methodology employed seem to be correct as the prediction of the main behaviour of the system has been made with an acceptable level of accuracy. The numerical results indicate that the predicted generation of CO 2 is consistent with the data measured in the centre plane. No major difference in the comparison of O 2 concentrations was found and predictions agree reasonably well with the experiments. The simulations indicated that the probable reason for low CO prediction is that most of the carbon monoxide is converted to carbon dioxide. More tests and comparisons with measurements are necessary in order to improve the model. Furthermore, the different CFD settings could lead to an improvement in pollutant formation and temperature distribution in the furnace. The local discrepancies might quantify the effect of the differences in the boundary conditions used in the model and in the real model. The results of this work show that the use of a simplified model for the gas phase, coupled with the CFD simulations, can be applied for fixed bed boiler modelling. 
